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It is  important for MASA t o  be able t o  predict the amount of damage pro- 
duced in  silicon electronic devices by the high energy protons which are present 
i n  space. To accomplish th i s ,  the dependence of the proton damage on the ener- 
gies of the incident protons must be knuwn. 
experiments reported i n  t h i s  paper t o  provide th i s  information. 
It was t h e  purpose of the 
The energy dependence of the majority carrier removal rates i n  n- and p- 
type silicon single crystals for the  energy range from 10.7 MeV t o  53.25 MeV 
has been established by means o f t h e  determination of the H a l l  coefficient of 
the silicon. The results that have been obtained are directly applicable t o  
majority carrier devices such as the junction field-effect transistor. 
The various proton bombardments were conducted at the ISASA Lewis Research 
Center cyclotron, Cleveland, Ohio, and the Oak Ridge Isochronous Cyclotron, 
Oak Ridge, Tennessee. 
Rev iew of Theoretical Calculations 
There have been several theoretical efforts t o  predict the damage produced 
by protons in  silicon as  a function of incident proton energy. A t  t h i s  point, 
a qualitative description of three of the more recent theoretical attempts is 
i n  order. 
Simon, Denny, and Dawning  (ref.  1) of the Space Technology Laboratories 
concluded that protons w i t h  energies exceeding approximately 10 MeV produce 
defects in  the silicon l a t t i c e  by elast ic  and inelastic scattering. A t  energies 
below 50 MeV, it was felt that Rutherford scattering produced the majority of' 
t he  defects. It was proposed that above 50 MeV ine2astic scattering becomes 
dominant i n  the defect production and that spallation of the target nucleus is 
the principal result o f t h e  inelastie scattering. 
the use of'a sharp ionization energy, %hat is, the energy of the primary recoil  
above wbich energy losses occur through. bnization, was inappropriate for recoil 
damage calculatiorms - 
It was fbrther concluded that 
Baicker, Flicker, and Films (ref.  2) of RCA calcuLated the atomic displace- 
ment produced i n  silicon by assuming that Rutherford scattering describes the 
interaction between the proton and the sil icon atom below 10 MeV and that the 
nuclear optical m o d e l  descrfbes the elastic scattering f!rm 10 t o  100 MeV. 
These calculations were perfonaed through the use of optical m o d e l  parameters 
for alumbum since practically no data existed for si l icon and were carried 
out for several cases corresponding t o  different values for the ionization 
threshold energy from 13.5 t o  200 KeV. 
Saunders (ref. 3) i n  his doctoral dissertation for the Rensselaer Poly- 
technic Insti tute,  performed calculations which made use of a complete optical 
model calculation of e las t ic  and inelastic cross sections and employed the 
channeling theory of Oen and Robinson i n  the treatment of the displacement 
use of th@ cascade m o d e l  of Oen and Robinson takes into account 
the inhomogepeity.of the si l icon crystal while the calculations mentioned 
previously were carried aut by considering the sil icon t o  be a homogeneous 
mss . 
Defect Theory 
When silicon is bambarded w i t h  high energy protons, defects are introduced 
which give rise t o  electronic energy levels in the forbidden gap of the mctterial. 
Bowever, such defects are not primary defects ( i n t e r s t i t i a l s  and vacancies) but 
are usually some type of impurity complex as has been Shawn by Watkins and 
Corbett 
vacancy ccmplex, phosphorus-vacancy complex, and the divacancy. The electronic 
energy levels produced i n  the forbidden gap can serve as acceptor levels which 
act as electron traps, donor levels which behave as traps for holes, and recom- 
bination centers for electron8 and holes. 
carrier traps are the energy levels of interest. 
Among the more c m o n  defect complexes i n  silicon are the oxygen- 
In t h i s  instance, the majority 
In t h i s  series of experiments, t he  i n i t i a l  r e m 1  rates for majority 
carriers i n  silicon have been obtained before any appreciable sh i f t  o f t h e  
Fermi level due t o  radiation-produced defects. 
ezochralski-grown silicon w h i c h  had been obtained commercially was used 
i n  t h i s  series of experiments. Bridge samples were cut by mans of an ultra- 
sonic cutter from 20-mil-thick silicon wafers oriented i n  the (111) direction. 
The samples were then mechanically lapped t o  a thickness of less than 10 mils 
(five m i l s  i n  the case of the 10.7 MeV bcmbardments) e Re&, the sil icon 
samples w e r e  etched i n  CP-4 etch, The tabs of the samples w e r e  then plated 
w i t h  nickel by means of an electrodeless chemical plating mthd. Finally, 
3 
leads were soldered t o  the nickel-plated tabs of the bridge samples; thereby, 
ohmic contacts t o  the sil icon were obtained (see figure 1). 
During irradiation the silicon samples were mounted i n  a chamber between 
the  pole pieces of a magnet as is shown in  figure 2. The sil icon samples were 
irradiated i n  vacuum through a hole i n  one pole piece of the magnet. The beam 
current was maintained a t  approximately five millimicroamperes t o  avoid any 
large temperature rises i n  the sample. 
energy of the incoming protons was  not appreciably reduced after the protons 
The sample thickness w a s  such that the 
passed through the sample. 
cup mounted i n  the sample chamber (see figure 3). 
The protons w e r e  collected by means of a Paraday 
!€+he energies of the various proton beams were determined within 200 keV 
by means of magnetic analysis after the beams were extracted from the cyclotrons 
(refs . 4 and 5 )  
pieces of glass w i t h  the protons at various intervals  during the bombardments. 
The beam spot w a s  determined by means of darkening several 
The electr ical  measurements required for the Hall coefficient determinations 
were made during periodic interruptions of the irradiations. 
surements, the magnetic f ie ld  was mintained a t  2500 gauss, and the pertinent 
voltage measurements w e r e  made w i t h  a precision d ig i ta l  voltmeter. During the 
hombardraents, the magnetic f ield and the current t o  the sample were turned off. 
During these mea- 
RESULTS ABID D’ISCZISSIOPIS 
mJ-type, phosphorus-doped and p-type, boron-doped sil icon single crystals 
were irradiated a t  room temperature by high energy protons a t  the following 
proton energies8 10.7 MeV, 16.7 MeV, 34.25 MeV, and 53.25 MeV. The removal 
rate of majority carriers was used t o  determine the amount of damage that was 
4 
pr&ucwd i n  the silicon by the protons. Therefore, it was a8sumed that the 
majority carrier remuval rate bears a linear relationship t o  the concentration 
of proton-produced defects, 
n-type sample wi th  an approximate resis t ivi ty  of 10-0 cm is  plotted as a 
function of proton flux for a 34.25 MeV proton bombardment. Due t o  the intro- 
duction of acceptor levels into t h e  forbidden gap o f t h e  silicon, the carrier 
concentration decreases monotonically w i t h  proton flux. 
In figure 4, the electron concentration for an 
The particular removal 
rate for t h i s  sample was -5.17 electrons/proton-cm. 
plot is  shown for  a p-type, 10 a - c m  sample. Here, the concentration of' holes 
decreases due t o  the introduction of donor levels into the forbidden gap. The 
removal rate is -6.86 holes/proton-an i n  t h i s  case. 
I n  figure 5, a similar 
The electron removal rate for  n-type, loa-cm sil icon is plotted as a 
The removal rates for several samples f'unction of proton energy in figure 6. 
are plotted at  the four proton energies previously mentioned. 
removal rate was calculated from the removal rates for the three samples at  
10.7 MeV. 
sents the expected r e m u v a l  rates i f  the damage produced in  the silicon were due 
An average 
From t h i s  average removal rate, a CurVe was determined which repre- 
t o  Rutherford scattering only, that is, the damage is inversely proportional 
t o  proton enerm. As can be clearly seen in  t h i s  figure, the removal rates 
obtained experimentally are i n  excess of those expected for pure Rutherford 
scattering a t  the higher energies. A similar situation exists for l O R - c m ,  
p-type silicon as is shown i n  figure 7. 
The departure from the A curve points aut that Rutherford scattering 
Ep 
accounts for less of the damage produced i n  silicon as the energy of the proton 
5 
is increased. 
energies is probably due t o  inelastic scattering. 
It is felt that  the increased damge a t  the higher proton 
In conclusion, it should be pointed out that  two previous series of experi- 
ments have been conducted by two separate groups of experimenters on proton 
damage t o  silicon solar cells as a m c t i o n  of proton energy (refs.  6 and 7). 
Denny and Dming  observed that the damge t o  silicon solar cel ls  supported a 
linear inverse energy dependence up t o  100 MeV; huwever, Rosemeig, Smits, and 
Brawn observed that between about 8 and 40 MeV, the proton damage t o  silicon 
solar cells is almost unchanged. The results described in  t h i s  paper do not 
awee w i t h  the  results of either group. However, this paper has dealt w i t h  
majority carrier rem1 rates and not minority carrier lifetime upon which 
the solar c e l l  is dependent. 
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